Cannabis use increases rates of psychotic relapse and treatment failure in schizophrenia patients. Clinical studies suggest that cannabis use reduces the efficacy of antipsychotic drugs, but there has been no direct demonstration of this in a controlled study. The present study demonstrates that exposure to the principal phytocannabinoid, Δ 9 -tetrahydrocannabinol (THC), reverses the neurobehavioral effects of the antipsychotic drug risperidone in mice. THC exposure did not influence D 2 and 5-HT 2A receptor binding, the major targets of antipsychotic action, but it lowered the brain concentrations of risperidone and its active metabolite, 9-hydroxy risperidone. As risperidone and its active metabolite are excellent substrates of the ABC transporter P-glycoprotein (P-gp), we hypothesized that THC might increase P-gp expression at the blood-brain barrier (BBB) and thus enhance efflux of risperidone and its metabolite from brain tissue. We confirmed that the brain disposition of risperidone and 9-hydroxy risperidone is strongly influenced by P-gp, as P-gp knockout mice displayed greater brain concentrations of these drugs than wild-type mice. Furthermore, we demonstrated that THC exposure increased P-gp expression in various brain regions important to risperidone's antipsychotic action. We then showed that THC exposure did not influence the neurobehavioral effects of clozapine. Clozapine shares a very similar antipsychotic mode of action to risperidone, but unlike risperidone is not a P-gp substrate. Our results imply that clozapine or non-P-gp substrate antipsychotic drugs may be better first-line treatments for schizophrenia patients with a history of cannabis use.
INTRODUCTION
Cannabis use increases rates of psychotic relapse and treatment failure in schizophrenia patients. This is a major problem as 40% of schizophrenia patients have a cannabis use history (Koskinen et al, 2010; Manrique-Garcia et al, 2014) . A study of over 2000 first-episode psychosis (FEP) patients suggested that the poor clinical outcomes observed in cannabis-using patients might be explained by cannabis decreasing antipsychotic efficacy-patients with a cannabis use history were prescribed a greater number of unique antipsychotic drugs, a proxy measure of clinical judgment of antipsychotic drug failure (Patel et al, 2016) . However, there is no direct evidence that cannabinoids decrease the pharmacological actions of antipsychotic drugs. Here we provide data in mice showing cannabinoid exposure reduces antipsychotic efficacy.
Animal studies provide greater experimental control to investigate interactions between cannabinoids and antipsychotic drugs. Moreover, they provide an efficient means to delineate biological mechanisms that may inform novel treatment strategies. A number of mechanisms may play a role in the interaction between cannabis and antipsychotic drugs. Pharmacodynamically, cannabinoids may reduce antipsychotic efficacy by affecting major antipsychotic drug targets such as dopamine D 2 and serotonin 5-HT 2A receptors. Alternatively, pharmacokinetic mechanisms may be involved, where phytocannabinoids could induce cytochrome P450 enzymes involved in antipsychotic drug metabolism. An emerging pharmacokinetic mechanism for clinically significant drug interactions involves ATP-binding cassette (ABC) transporters (Montanari and Ecker, 2015) . P-glycoprotein (P-gp) is a well-characterized ABC transporter that is localized at the blood-brain barrier (BBB) and strongly limits the brain accumulation of CNS drugs including various antipsychotics. P-gp at the BBB binds antipsychotic drugs such as risperidone, paliperidone (9-hydroxy risperidone), olanzapine, quetiapine, amisulpride, and aripiprazole, and transports them from brain tissue back into the blood (Boulton et al, 2002; Doran et al, 2005; Linnet and Ejsing, 2008; Moons et al, 2011) . Interestingly clozapine, the drug of choice for drug-resistant patients, has poor affinity for P-gp (Boulton et al, 2002; Doran et al, 2005) . The mechanisms underlying clozapine's superior efficacy have not been clearly resolved despite 30 years of research (Joober and Boksa, 2010; Remington et al, 2016) . We hypothesize that clozapine's lack of affinity for P-gp contributes to its favorable therapeutic properties in drug-resistant patients and those with a cannabis use history.
In the present study we demonstrate that exposure to the main psychoactive constituent of cannabis, Δ 9 -tetrahydrocannabinol (THC), reduces the neurobehavioral efficacy of risperidone but not clozapine in mice. Furthermore, we delineate the biological mechanism subserving the interaction between THC and risperidone that involves P-gp at the BBB.
MATERIALS AND METHODS

Mice
A total of 210 male C57BL/6 mice aged 9 weeks were used for this study, along with 8 male wild-type (WT) and 8 P-gp knockout (KO) mice aged between 16 and 20 weeks (Taconic Farms, USA) (see Brzozowska et al, 2016; Spiro et al, 2012) . Animals were housed in standard mouse cages, under a 12 h light/dark schedule, with food and water available ad libitum. The University of Sydney's Animal Ethics Committee approved all experimental procedures undertaken (Protocol number: K21/1-2013/3/5924).
Drugs
THC (THC Pharm, Germany), risperidone, and clozapine (Sequoia, UK) were administered to mice as previously described, see (Boucher et al, 2007 (Boucher et al, , 2011 Brzozowska et al, 2016; Todd and Arnold, 2016) . Based on the FDA species interconversion formula a dose of 1 mg/kg of THC in mice is equivalent to 5 mg of THC in humans (Food and Drug Administration, 2005; Reagan-Shaw et al, 2008) . A 1 mg/kg i.p. dose of THC has discriminative stimulus effects in mice (Vann et al, 2008) and 5 mg of THC produces subjective high in human cannabis users (Hindocha et al, 2015) . The doses of risperidone (0.3-1 mg/kg) and clozapine (3 mg/kg) selected are equivalent to the doses used clinically at the commencement of antipsychotic drug treatment, with human dose equivalents of 1.5-5 mg of risperidone and 15 mg of clozapine (Food and Drug Administration, 2005) .
Experimental Design
Mice were divided equally into three groups: two groups were injected with vehicle (VEH) and the third group with THC (1 mg/kg) for 14 days. Fourteen days after the final pretreatment injection, mice were challenged with either VEH or an antipsychotic drug (risperidone or clozapine) yielding the following groups: VEH-VEH, VEHantipsychotic drug, and THC-antipsychotic drug. A washout period of 14 days was applied to ensure the results obtained were enduring effects of THC, and not due to residual THC actions, as THC is stored in adipose tissue for long periods of time (Gunasekaran et al, 2009; Kreuz and Axelrod, 1973) . This experimental design was used to assess c-Fos immunohistochemistry, prepulse inhibition of startle (PPI), and locomotor activity (see Supplementary Information for detailed methods). Separate cohorts of mice were treated with VEH or THC as described above before sample collection for D 2 and 5-HT 2A receptor autoradiography, risperidone and THC tissue concentrations, and P-gp immunofluorescence (see Supplementary Information for details).
Statistical Analysis
Data for risperidone c-Fos immunoreactivity and P-gp immunofluorescence were analyzed using the nonparametric Mann-Whitney U-test, as the data violated the homogeneity of variance assumption of ANOVA and could not be corrected. The risperidone and clozapine PPI and locomotor activity data were analyzed using one-way ANOVA with group as the between subject factor followed by StudentNewman-Keuls post hoc tests. Autoradiography data were analyzed using two-way ANOVA with drug treatment and brain region as the between subject factors. Region-specific binding affinities were analyzed using Student's unpaired ttest. Risperidone and 9-hydroxy risperidone brain and plasma concentrations were analyzed using two-way ANO-VA with between subject factors of THC treatment and risperidone dose or genotype and time. Differences between groups were deemed statistically significant when Po0.05.
RESULTS
Repeated THC Exposure Reduced the Acute Neurobehavioral Effects of Risperidone
Mice were treated with THC daily for 14 days before a 14-day washout period. They were then challenged with risperidone and brain activation was assessed using c-Fos immunohistochemistry. Risperidone significantly increased c-Fos expression in various brain regions (Figure 1 and Supplementary Table 1) . Repeated preexposure to THC abolished risperidone-induced c-Fos expression in the ventrolateral septum (Figure 1a) , the medial and dorsomedial caudate putamen (Figure 1b) , the nucleus accumbens shell (Figure 1c) , and the paraventricular nucleus of the thalamus (Figure 1d ).
We then assessed whether the reversal of risperidoneinduced brain activation by THC had implications for the behavioral effects of risperidone. To do this we examined locomotor activity and sensorimotor gating, two measures sensitive to the effects of antipsychotic drugs in mice and humans (Csomor et al, 2014; Ouagazzal et al, 2001; Quednow et al, 2006) . Using the same THC treatment regimen mice were again challenged with risperidone, and PPI and locomotor activity was assessed. Vehicle pretreated mice challenged with 1 mg/kg risperidone but not 0.3 mg/kg risperidone displayed significantly increased %PPI (Figure 1e ). THC pretreatment abolished risperidoneinduced PPI facilitation, as the THC pretreated mice challenged with risperidone (THC-RISP1) were no different to the vehicle-vehicle control mice (VEH-VEH) and had significantly less %PPI than the vehicle pretreated mice challenged with risperidone (VEH-RISP1). During PPI testing, we also measured the startle response of the animals to a 120 dB acoustic stimulus (Figure 1f ). Challenge with 1 mg/kg but not 0.3 mg/kg risperidone significantly decreased the startle response compared with the vehicle control. However, THC pretreatment did not affect the impaired startle response in mice treated with 1 mg/kg risperidone. This highlights that the effects of THC on risperidone-induced sensorimotor gating and startle response can be dissociated. These results provide yet another example of how startle reactivity and PPI can be dissociated in pharmacological studies, where drugs affect higher-order neural circuitry to influence PPI, with startle reactivity being affected by drug actions on brainstem circuits (Geyer et al, 2001; Li et al, 2009) .
The results for locomotor activity over 60 min for risperidone-challenged mice are shown in Figure 1g . Challenge injection with both 0.3 and 1 mg/kg risperidone significantly decreased locomotor activity compared with vehicle controls. This decrease in locomotor activity was attenuated by THC pretreatment in mice challenged with 0.3 mg/kg, as the THC-RISP0.3 group had significantly higher locomotor activity than the VEH-RISP0.3 group. However, THC did not blunt the locomotor suppressant effects of 1 mg/kg risperidone. Taken together, these results demonstrate that repeated treatment with THC reduces the acute neurobehavioral effects of the commonly used antipsychotic drug risperidone. These results cannot be explained by functional antagonism as a further control experiment indicated that THC pretreatment alone did not significantly reduce PPI or increase locomotor activity following a 2-week washout period (see Supplementary  Table 2 ). In addition, blood samples collected after the THC washout period showed no detectable levels of THC or its terminal metabolite THC-COOH (see Supplementary  Table 2 ).
Repeated THC Exposure Did Not Affect Brain D 2 or 5-HT 2A Receptor Binding
We then sought to determine whether THC reduced the efficacy of risperidone due to a pharmacodynamic mechanism via reduced D 2 and 5-HT 2A receptor binding, the two main antipsychotic drug targets of risperidone. The mean specific D 2 ([ -tetrahydrocannabinol; RISP0.3, 0.3 mg/ kg risperidone; RISP1, 1 mg/kg risperidone. Data presented as mean+SEM. Significant differences compared with VEH-VEH control *Po0.05 and **Po0.01, and between VEH-RISP and THC-RISP groups # Po0.05 (Mann-Whitney U for c-Fos or SNK post hoc test for behavior). For PPI, startle response, and locomotor activity, one-way ANOVA revealed an overall group effect (F(4, 53) = 3.1, Po0.05; F(4, 53) = 4.3, Po0.01; F(4, 53) = 7.3, Po0.0001, respectively).
Repeated THC Exposure Reduced the Brain Concentrations of Risperidone and 9-Hydroxy Risperidone
As THC exposure did not affect D 2 or 5-HT 2A receptor binding, we then explored whether THC treatment impaired the brain disposition of risperidone. This would provide an alternative explanation for the ability of THC to reduce the neurobehavioral effects of risperidone. We therefore examined whether THC exposure altered the brain concentration of risperidone and its active metabolite 9-hydroxy risperidone. THC-treated mice had significantly decreased brain concentrations compared with vehicle controls of risperidone (Figure 3a) , 9-hydroxy risperidone (Figure 3b) , and the total active drug moiety (the combined brain concentration of risperidone and 9-hydroxy risperidone) (Figure 3c ), following risperidone challenge. There was clearly a dose-dependent effect of risperidone challenge on the brain concentrations of risperidone, 9-hydroxy risperidone, and total active moiety, but there were no significant interactions between THC and risperidone dose on the brain concentrations in the two-way ANOVA.
THC Exposure May Reduce Brain Risperidone
Concentrations by Inducing P-gp Expression at the BBB Alteration in the metabolism of risperidone cannot explain the current findings, as THC decreased the brain concentrations of both risperidone and the 9-hydroxy metabolite. Moreover, this conclusion is consistent with risperidone's -tetrahydrocannabinol; RISP0.3, 0.3 mg/kg risperidone; RISP1, 1 mg/kg risperidone. Data represent mean+SEM. Significant differences denoted reflect a main effect of THC in two-way ANOVA **Po0.01, ***Po0.001 and ****Po0.0001. Two-way ANOVA indicated that THC-treated mice had significantly decreased brain concentrations compared with vehicle of risperidone (F(1, 26) = 10, Po0.01), 9-hydroxy risperidone (F(1, 26) = 19.1, Po0.001), and the total active drug moiety (F(1, 26) = 17, Po0.0001). There was a significant effect of risperidone dose on the brain concentrations of risperidone (F(1, 26) = 23.2, Po0.0001), 9-hydroxy risperidone (F(1, 26) = 18.6, Po0.0001), and total active moiety (F(1, 26) = 29.3, Po0.0001), but there were no significant interactions between THC and risperidone dose on these brain concentrations.
major cytochrome P450 (CYP450) metabolizing enzymes not being inducible by xenobiotics, at least based on the currently available evidence (ie, CYP2D6 in humans and CYP2D9-13, 22, 26, 34, and 40 in mice) (Miksys et al, 2005; Murray, 2006; Nelson et al, 2004; Sheehan et al, 2010; Urichuk et al, 2008) . Our results therefore suggest that THC exposure impaired the neurobehavioral actions of risperidone, not by altering receptor binding or drug metabolism, but by interfering with risperidone disposition leading to subtherapeutic brain concentrations. Considering these findings, we hypothesized that the THC-induced reduction in brain risperidone levels might be explained by enhanced expression of the ABC transporter P-gp. Such a theory is supported by the observation that P-gp strongly influences the brain disposition of various antipsychotic drugs including risperidone and its active 9-hydroxy metabolite (Boulton et al, 2002; Doran et al, 2005) . To confirm this, we measured the concentrations of risperidone and 9-hydroxy risperidone in P-gp KO mice to prove P-gp regulates the brain disposition of these drugs. P-gp KO mice retained significantly more risperidone and 9-hydroxy risperidone in the brain and plasma at 1 and 3 h after administration (Figure 4a-d) . Overall, our results are consistent with prior research showing P-gp at the BBB plays a dominant role in regulating the brain disposition of risperidone and 9-hydroxy risperidone, with the brain/ plasma concentration ratios being markedly elevated in P-gp KO compared with WT mice (Boulton et al, 2002; Brzozowska et al, 2016; Doran et al, 2005; Wang et al, 2004) .
The increased brain concentrations of risperidone and 9-hydroxy risperidone found in P-gp KO mice imply that P-gp at the BBB determines the brain accumulation of these drugs. Given these findings we hypothesized that the THCinduced reduction in brain risperidone and active metabolite concentrations might be explained by enhanced P-gp expression at the BBB. To test this we examined the expression of P-gp transporter protein in THC-treated mice using immunofluorescence, where the cumulative volume of P-gp immunofluorescence was assessed within a constant sampling area (Figure 4e and f) . THC significantly increased the cumulative volume of P-gp in the ventrolateral septum, nucleus accumbens core, and the paraventricular nucleus of the thalamus compared with vehicle controls (Figure 4f ). There was no significant difference in P-gp expression in the dorsomedial caudate putamen, nucleus accumbens shell, prefrontal cortex, and paraventricular hypothalamic nucleus (see Supplementary  Table 3) . The brain disposition of risperidone and 9-hydroxy risperidone is regulated by the ABC transporter P-gp and repeated THC exposure increased brain P-gp expression. Brain (a) risperidone and (b) 9-hydroxy risperidone concentrations, as well as plasma (c) risperidone and (d) 9-hydroxy risperidone concentrations in WT and P-gp KO mice (n = 5-8 per group). (e) Representative images of P-gp immunofluorescence in mouse brain and (f) P-gp expression in different brain regions of mice treated with VEH or THC. Data represent mean+SEM. WT; wild type; P-gp, P-gp KO mice; VEH, vehicle; THC, Δ 9 -tetrahydrocannabinol; LSV, ventrolateral septum; CPu, dorsomedial caudate putamen; AcbC, nucleus accumbens core; PV, paraventricular nucleus of the thalamus. Significant differences in KO mice studies reflect a main effect of P-gp genotype in two-way ANOVA, *Po0.05, **Po0.01 and ****Po0.0001. Specifically, we found a main effect of P-gp genotype for both brain and plasma risperidone concentrations (F(1, 20) = 37.6, Po0.0001; F(1, 18) = 7.7, Po0.05, respectively) and brain and plasma 9-hydroxy risperidone concentrations (F(1, 20) = 31.4, Po0.0001; F(1, 18) = 10.8, Po0.01, respectively). There were no effects of time or genotype by time interactions for brain and plasma risperidone concentrations. However, 9-hydroxy risperidone brain and plasma concentrations increased over time (F(1, 20 = 10.3, Po0.01; F(1, 18) = 67.8, Po0.0001, respectively) and did more so in the P-gp KO mice supported by P-gp genotype by time interactions (F(1, 20) = 8.9, Po0.01; F(1, 18) = 6.3, Po0.05, respectively). Repeated THC exposure significantly increased the cumulative volume of P-gp transporter expression in key brain regions relevant to antipsychotic action (n = 4-6 per group). Mann-Whitney U-tests *Po0.05.
Repeated THC Exposure Did Not Influence the Acute Neurobehavioral Effects of Clozapine
Taken together, our results suggest that THC exposure reduced the neurobehavioral effects of risperidone because of THC-induced upregulation of P-gp expression at the BBB and the consequent enhanced brain extrusion of the P-gp substrates risperidone and 9-hydroxy risperidone. Our model therefore predicts that THC exposure will not affect the efficacy of antipsychotic drugs that are not ABC transporter substrates. Clozapine is not a P-gp substrate (Boulton et al, 2002; Doran et al, 2005) but shares similar pharmacodynamic mechanisms of action to risperidone and is the drug of choice for treatment-resistant schizophrenia patients. We therefore assessed whether repeated THC exposure affected the acute neurobehavioral effects of clozapine. We first examined the effects of repeated THC exposure on clozapine-induced c-Fos expression. Clozapine exposure increased c-Fos expression in the ventrolateral septum (Figure 5a ), prelimbic cortex (Figure 5b ), nucleus accumbens shell (Figure 5c ), and cingulate cortex (see Supplementary Table 4) . However, repeated THC exposure did not influence clozapine-induced c-Fos expression in any of the brains regions examined. Similarly, for behavior, repeated THC exposure did not influence the actions of clozapine on sensorimotor gating or locomotor activity (Figure 5d-f) . Clozapine significantly increased %PPI (Figure 5d ) and decreased startle response (Figure 5e ) and locomotor activity (Figure 5f ). However, contrary to the results observed with risperidone, repeated THC exposure did not affect clozapine-induced PPI facilitation and suppression of startle response and locomotor activity.
DISCUSSION
Cannabis use increases rates of psychotic relapse and treatment failure (Manrique-Garcia et al, 2014) . This problem is significant as 40% of schizophrenia patients use cannabis (Koskinen et al, 2010) . No controlled studies have addressed whether cannabis use worsens treatment outcomes in schizophrenia patients by decreasing the efficacy of -tetrahydrocannabinol; CLOZ, 3 mg/kg clozapine. Significant difference to VEH-VEH indicated using SNK post hoc *Po0.05. NS, no significant effect comparing VEH-CLOZ with THC-CLOZ. For c-Fos data in the LSV, PrL, and AcbSh, one-way ANOVA revealed an overall group effect (F(2, 12) = 9.89, Po0.05; F(2, 12) = 9.30, Po0.05; F(2, 12) = 20.3, Po0.05, respectively). For %PPI, startle response, and locomotor activity, one-way ANOVA revealed an overall group effect (F(2, 41) = 6.7, Po0.01; F(2, 41) = 11, Po0.001; F(2, 41) = 13.6, Po0.0001, respectively).
antipsychotic drugs. A recent clinical study showed poor clinical outcomes in cannabis-using patients were associated with an increased number of unique antipsychotic drug prescriptions, a proxy measure of clinical judgment of antipsychotic drug failure (Patel et al, 2016) . Here we provide direct evidence in a controlled mouse study that preexposure to the most abundant phytocannabinoid in street cannabis, THC (Swift et al, 2013) , reduces the neurobehavioral effects of the widely used antipsychotic drug risperidone. Furthermore, we identified a mechanism that accounted for the capacity of THC to decrease the efficacy of risperidone but not clozapine, a drug effective in treatment-resistant patients (Howes et al, 2012) . Our results suggest that the differential binding of antipsychotic drugs to the ABC transporter P-gp may predict cannabis-antipsychotic drug interactions.
Mice exposed to THC displayed profoundly reduced neurobehavioral responses to risperidone. Antipsychotics induce c-Fos expression, a marker of neuronal activation, in various brain regions (Fibiger, 1994; Sumner et al, 2004) . THC preexposure reversed risperidone-induced c-Fos expression in the brain of mice challenged 2 weeks after the final THC exposure. The ability of THC preexposure to reverse risperidone-induced brain activation had functional implications, as THC preexposure also significantly reduced the ability of risperidone to facilitate PPI and suppress locomotor activity. These effects were not due to physiological antagonism, as THC pretreatment did not alter PPI or locomotor activity in mice challenged with vehicle 2 weeks after the final THC exposure. Furthermore, these effects could not be explained by residual THC interfering directly with the efficacy of risperidone, as THC was not present in the blood 2 weeks after the final pretreatment dose. D 2 receptor antagonism is necessary for all antipsychotic drugs to reduce positive symptoms of schizophrenia (Kapur and Remington, 2001; Kapur et al, 2000) . Furthermore, 5-HT 2A receptors are critical to the actions of the hallucinogens LSD and psilocybin and are antagonized by both risperidone and clozapine (Glennon et al, 1984; Nichols, 2004) . This prompted the question of whether THC reduced the neurobehavioral effects of risperidone by altering D2 and 5-HT2A receptor binding. However, THC exposure did not affect D 2 and 5-HT 2A binding in our autoradiography study. As important pharmacodynamic targets of antipsychotics were unaffected by THC exposure, we turned our attention to a pharmacokinetic explanation. Indeed, THC treatment reduced the brain concentrations of risperidone and its active metabolite 9-hydroxy risperidone. That THC treatment equivalently reduced the brain concentrations of both risperidone and 9-hydroxy risperidone argues against THC inducing CYP450 enzymes, as otherwise one might expect a reduction in the risperidone concentration to coincide with an increased 9-hydroxy risperidone concentration. Furthermore, CYP2D6 is the major enzyme responsible for risperidone metabolism in humans and there is no available evidence to suggest it or its mouse orthologs are inducible by xenobiotics (Miksys et al, 2005; Murray, 2006; Nelson et al, 2004; Sheehan et al, 2010; Urichuk et al, 2008) .
This raised the possibility that P-gp might play a role, as it is inducible and its localization at the BBB has been shown to strongly limit the brain accumulation of drug substrates by transporting them from the brain into the peripheral blood supply (Boulton et al, 2002; Doran et al, 2005; Linnet and Ejsing, 2008) . Risperidone and its active metabolite 9-hydroxy risperidone are excellent substrates of P-gp (Boulton et al, 2002; Brzozowska et al, 2016; Doran et al, 2005; Wang et al, 2004) , and this we confirmed here by showing that P-gp KO mice attained significantly higher brain concentrations of these drugs. The much greater effect of P-gp KO on brain compared with plasma concentrations of risperidone and its metabolite support the viewpoint that P-gp localized at the BBB plays a dominant role in risperidone and 9-hydroxy risperidone brain uptake.
Induction of P-gp at the BBB might then explain the reduced brain concentrations of risperidone and 9-hydroxy risperidone we observed. Indeed, mice that underwent the THC pretreatment regimen showed markedly increased P-gp expression in the brain 2 weeks following their final THC exposure. The distribution pattern of staining is consistent with localization on brain microvessels, where P-gp is preferentially expressed in the brain (Bendayan et al, 2006; Gazzin et al, 2008) . This also confirms our observations that repeated THC exposure in rats significantly increased P-gp mRNA expression in brain endothelial cells selectively captured using laser-capture microdissection (data not shown). It is also noteworthy that THC-induced P-gp upregulation was observed in the ventrolateral septum, nucleus accumbens, and the paraventricular nucleus of the thalamus, three brain regions where THC reversed risperidone-induced c-Fos expression, and regions implicated in antipsychotic drug action (Fujimura et al, 2000; Sumner et al, 2004) . Our findings also accord with schizophrenia patients having region-specific enhancement of P-gp activity (De Klerk et al, 2010 . A positron emission topography (PET) study showed chronic schizophrenia patients had considerably lower brain uptake of the P-gp substrate 11 C-verapamil in the temporal cortex, basal ganglia, and amygdala, but not in the thalamus or prefrontal cortex. These results overlap somewhat with our findings that showed THC treatment increased P-gp expression in the basal ganglia but not in the prefrontal cortex. Our results therefore further support the notion that pharmacoresistance in schizophrenia might be explained by enhanced P-gp expression lowering the brain accumulation of antipsychotic drugs. Furthermore, our study implies that cannabis use might be responsible for the enhanced brain P-gp activity observed in schizophrenia patients.
The mechanism responsible for THC-induced upregulation of P-gp could be explored in future studies. Our prior work has shown that incubation of human leukemia cells with THC increased P-gp mRNA that was mediated by cannabinoid CB 2 receptors Holland et al, 2006) . CB 2 receptors are expressed on brain endothelial cells in both mice and humans (Golech et al, 2004) , and therefore may play a role here. It is conceivable that THC activation of CB 2 receptors could further activate intracellular signaling pathways that affect nuclear transcription factors involved in the induction of P-gp (Mestre et al, 2006) . Interestingly, several nuclear transcription factors regulating P-gp transporter expression such as constitutive androstane receptor (CAR), pregnane X receptor (PXR), and nuclear factor-E2-related factor 2 (Nrf2) are activated by cannabinoids (Downer et al, 2012; Fakhfouri et al, 2012; Juknat et al, 2012) .
Taken together, our results suggest that THC exposure decreased the neurobehavioral effects of risperidone because of P-gp upregulation in the brain and consequent reductions in risperidone and 9-hydroxy risperidone brain concentrations. As clozapine is not a good substrate of P-gp (Boulton et al, 2002; Doran et al, 2005) , we hypothesized that the neurobehavioral effects of clozapine might not be susceptible to THC preexposure. Indeed, the same THC treatment regimen did not influence the effects of clozapine on c-Fos expression in the brain, PPI, or locomotor activity. It is noteworthy that risperidone and clozapine share a very similar receptor-binding profile, and risperidone was developed to mimic the combined D 2 /5-HT 2A receptor antagonist profile of clozapine (Meltzer et al, 1989; Schotte et al, 1996) . Although we showed no effect of THC on D 2 and 5-HT 2A receptor binding, we cannot definitively rule out a pharmacodynamic mechanism, as there remains the possibility that THC affected a receptor system or biased intracellular signaling pathway specific to the actions of risperidone and not clozapine. Despite this, it is clear that the differential P-gp binding characteristic of risperidone and clozapine may offer an explanation for why THC treatment reduced the neurobehavioral effects of risperidone but not clozapine.
Clozapine is the drug of choice for treatment-resistant patients, and is often used in cannabis-using patients, but mainly from the perspective that it helps to promote cannabis abstinence (Green et al, 2003; McEvoy et al, 2006) . Our results suggest that clozapine may also be a favorable drug for cannabis-using schizophrenia patients as it retains its efficacy, unlike other antipsychotic drugs that may be prone to treatment resistance in this population. Rapid stabilization of the patient on antipsychotic drugs is of the utmost importance to the clinical management of schizophrenia as it predicts patient prognosis (Agid et al, 2003; Kinon et al, 2010; Stauffer et al, 2011) . However, currently clozapine is only administered to treatmentresistant schizophrenics after at least two antipsychotic trials have been attempted (Kreyenbuhl et al, 2010; Moore et al, 2007) . More commonly, there are major delays in initiating clozapine treatment, with long-standing use of combination polypharmacy before commencement with the drug (Howes et al, 2012) . Our findings suggest that first-line use of clozapine in cannabis-using FEP schizophrenia patients might be examined as a strategy to improve patient prognoses. Of course, before such a strategy is introduced, our mice findings need to be translated to humans. Given clozapine's poor toxicity profile, other antipsychotic drugs might be developed in this context. For example, the antipsychotic drug blonanserin could be explored (Kishi et al, 2013; Yang et al, 2010) , as it has no affinity for P-gp and has a better safety profile than clozapine (Inoue et al, 2012) . In addition, although not reported in the published scientific literature, FDA drug approval submissions suggest other recently introduced antipsychotic drugs are not P-gp substrates, ie, asenapine, brexpiprazole, pimavanserin, iloperidone, and cariprazine.
Here we provide evidence for the first time that prior exposure to the most abundant phytocannabinoid constituent in cannabis, THC, reduces the neurobehavioral effects of the commonly used antipsychotic drug risperidone. This occurred because of THC reducing the brain disposition of risperidone and its active metabolite 9-hydroxy risperidone. This finding appeared to be explained by THC inducing P-gp in the brain, as both risperidone and its active metabolite are excellent P-gp substrates. The neurobehavioral effects of the non-P-gp substrate clozapine, the drug of choice for treatment-resistant patients, were unaffected by THC exposure. This suggests that differential P-gp binding may be an important consideration for antipsychotic drug selection for treatment-resistant patients with a cannabis use history. Our results may also help explain the longstanding mystery of the selective efficacy of clozapine in treatment-resistant schizophrenia patients.
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